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Track-Induced Clustering in Position Sensitive
Detector Characterization
Teppo Mäenpää, Matti J. Kortelainen, and Tapio Lampén
Abstract—The formation of clusters in the data analysis of po-
sition-sensitive detectors is traditionally based on signal-to-noise
ratio thresholds. For detectors with a very low signal-to-noise
ratio, e.g., as a result of radiation damage, the total collected
charge obtained from the clusters is biased to the greater signal
values resulting from the thresholds. In this paper an unbiased
method to measure the charge collection of a silicon strip detector
in a test beam environment is presented. The method is based on
constructing the clusters on test detectors around the impact point
of the reference track.
Index Terms—Beam test, clusterless analysis, signal-to-noise
ratio, strip detector, track reconstruction.
I. INTRODUCTION
T HE luminosity upgrade of the CERN Large Hadron Col-lider (LHC) is one of the driving forces of the develop-
ment of new radiation hard detectors. As part of this research,
the performance of severely irradiated detectors needs to be
measured. The final characterization of these detectors is carried
out in a particle beam whose tracks are measured with reference
detectors. The clustering methods that are commonly used in-
troduce a bias which can dominate the measured characteristics
of severely irradiated detectors. We present an unbiased, robust,
and simple method for the characterization of position-sensitive
detectors approaching the end of their operational life-time. For
illustration, we apply this method to data of irradiated silicon
strip detectors described in [1].
II. TEST BEAM DATA ANALYSIS
A typical test beam experiment consists of several well-oper-
ating position-sensitive reference detectors and at least one de-
vice under test (DUT). The reference detector data are used to
reconstruct the reference tracks, and the interpolated track po-
sition to the DUT surface is used for the analysis of the DUT
data. A brief description of a typical process for reference track
reconstruction is given in Section II-A and one of that of the
DUT analysis in Section II-B. More detailed descriptions can be
found in e.g., in [2]. References [3]–[8] describe various set-ups
utilizing a similar approach to data analysis. In addition, studies
presented in [9], [10] utilize other types of testbeam analysis ap-
proaches benefitting from reconstructed tracks.
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A. Reference Detectors
The pedestal and noise levels of each strip can be estimated
from separate calibration data, which have been recorded in the
absence of particles passing the detectors. Alternatively, they
can be estimated by excluding the contributions from real parti-
cles. This can be done by filtering out the channels with a high
enough signal-to-noise ratio (SNR), for example.
The pedestals are then subtracted from the raw ADC values.
Then a common mode is calculated for each event and read-out
chip and subtracted from the data. Clusters are formed as ad-
jacent strips, with pedestal and common-mode corrected sig-
nals exceeding some signal-to-noise thresholds. Cluster posi-
tions can be estimated with e.g., center of gravity methods. Fi-
nally, the tracks are reconstructed from the cluster positions of
the reference detectors, typically as a straight line fit in the case
of a negligible magnetic field.
To reconstruct tracks as precisely as possible, reference de-
tector positions should be known to within sub-pitch accuracy.
This can be achieved with e.g., track-based alignment.
B. Test Detectors
Typically, the same work flow as for the reference data is
also used for the DUT data. Different thresholds may be used
for clusterization. The reference tracks are interpolated or ex-
trapolated to the DUT surface. The nearest DUT cluster to the
track impact point is then considered to be the signal cluster.
The collected charge from the particle impact can then be esti-
mated from the cluster signal, e.g., as the sum of the signal of
all the strips or as the maximum sum of two adjacent strips.
III. VIRTUAL PEDESTAL RUNS
The contribution of a particle-induced signal must be filtered
out when the pedestal and noise levels are being estimated (Sec-
tion II-A). If a SNR cut is used, also a significant fraction of the
actual noise is discarded if the SNR cut is of the same mag-
nitude as the standard deviation of the noise distribution or the
noise distribution has large, non-Gaussian tails. This would lead
to biased estimates of pedestals and noise levels.
Additionally, a part of a real cluster (for instance a strip with
only a small fraction of the particle-induced signal) may pass
the SNR cut and affect the estimation of the noise level. Sep-
arate pedestal runs (Section II-A) are usually less error-prone,
but they are sensitive to environmental changes in time and re-
quire the absence of real clusters to be ensured.
The solution offered by a reference track-induced analysis is
to benefit from the location of the tracks being already known.
Assuming that the reference system can guarantee that all the
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Fig. 1. Illustration of traditional and track-Induced clustering. In the traditional
approach, strips with a signal value higher than the clustering threshold are
selected as cluster candidates (see text for details). In this case the clustering
threshold is too high to reconstruct the real cluster (left), but reconstructs a fake
cluster (right). The fake cluster is also associated with the track. In track-induced
clustering, a 4-strip cluster is formed around the reference track. The strip num-
bering corresponds to the distance from the reconstructed track.
sources of external beam-related stimulation of the detector sur-
face have been found, for each event there is a fraction of the de-
tector surface that can be used for pedestal, noise, and common-
mode calculation in that event without the risk of biased re-
sults. This approach has advantages over the use of separate
pedestal runs: 1) there is no need to record a separate pedestal
run, which is more wallclock time-efficient during data-taking;
2) there is no need to ensure the absence of genuine signal(s)
during pedestal runs, which might speed up the assembly of the
measurement apparatus; 3) the pedestal information does not
have to be temporally separated from the data to which it is ap-
plied, which reduces the risk of systematic errors caused by en-
vironmental changes.
While the simple approach using separate pedestal runs does
reduce the risk of miscalculated pedestal and noise values, it
cannot easily be used to ensure a non-biased calculation of
common-mode correction.
Virtual pedestal runs can only be used when the reference
system can guarantee that the fractions of DUT were not hit by
particles. A reference system that does not cover the full active
area of a DUT1 or has no way of indicating areas where the
existence or absence of a particle-induced signal is uncertain
does not fulfill the requirements and therefore should not be
used for virtual pedestal runs.
IV. TRACK-INDUCED CLUSTERING
The traditional approach to cluster formation [2] is appro-
priate when the bias resulting from the use of various thresholds
can be neglected. The method of track-induced clustering (TIC)
avoids this bias. In track-induced clustering, the only pre-de-
fined constant is the width of the cluster. In each event in which
one track is reconstructed, a cluster is formed around the im-
pact point of the track. As many nearest strips as are stated by
the cluster width are taken into the cluster. This is depicted in
Fig. 1 as “Real cluster”. A comparison of the main differences
between the two methods is presented in Table I.
A. Control Measurement for Track-induced Clustering
To characterize the sensor’s response to a particle-induced
signal, one needs to disentangle the signals generated by the
1This restriction does not apply if the absence of a beam outside the active
area of the reference system can be guaranteed by other means.
TABLE I
COMPARISON OF TRACK-INDUCED AND TRADITIONAL CLUSTERING
particle from the signals generated by noise or the measurement
setup. This can be done with a control measurement carried out
with the absence of crossing particles.
The control measurement can be done in the following way:
the cluster of event is formed around the impact point of some
other event far enough in time, for instance event . This
approach automatically takes into account the non-uniformity
of the beam and avoids, as far as possible, the caveats related to
time-dependent effects and the properties of the data-acquisition
system (DAQ). The approach requires the beam spread to be
large enough for the impact points in events and to
be apart; this assumption can usually be made since test beams
are tuned to cover as large area of the DUT as possible. If this
assumption cannot be made, the problematic events need to be
filtered out.
B. Determination of Sensor’s Response
Detailed unbiased analysis concerning the characteristics of
the DUT can be performed by comparing the properties of the
clusters generated with the track-induced clustering and the cor-
responding control measurement. The differences are generated
solely by the passing particles.
V. RESULTS
The differences between the results obtained using track-in-
duced clustering and traditional methods are small (Detector
1 in Fig. 2) if the detector under test is well within its opera-
tional conditions. The differences are dominated by the choice
of cluster width (TIC) and thresholds (SNR method). In the re-
gion of low SNR, the traditional methods overestimate the DUT
performance.
A. Cluster Width
A small TIC cluster width tends to underestimate the col-
lected charge. If the cluster width parameter is smaller than the
true cluster width, the signal from the edges of the true cluster is
not included in the reconstructed cluster. In addition, the highest
signal strips of the true cluster might not be included in the re-
constructed cluster if the difference between the impact points
of the reconstructed and the true track is large.
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Fig. 2. Traditional and TIC method applied on the example data [1].
Fig. 3. Collected charge as a function of distance from track location. The data
point at 1 represents the most probable value (MPV) of signals from the closest
strip to the track, point at 2 shows shows the MPV of the signal from the next
closest strip to the track and so on. The control plot data are generated in the
manner described in Section IV-A.
Especially in case of a wide cluster, TIC can measure exhaus-
tively the total collected charge (Fig. 3). The signal values ob-
tained closely follow those of a non-segmented diode test setup
similar to [11] and are larger than what can be achieved with the
traditional methods. With a very wide cluster width the results
might no longer be comparable with the traditional clustering
methods, where, typically, the strips far from the peak strip are
not found and are not useful for position measurement.
B. Low SNR
When the signal-to-noise level is low, there is a significant dif-
ference between the results of the clustering and TIC methods
(Fig. 4 & Detector 2 in Fig. 2). In these conditions, the distri-
bution of the signal measured using the traditional method no
longer follows the expected distribution as a result of a signifi-
cant fraction of the genuine signal being left out.
A clustering method uses SNR thresholds to define clusters.
Therefore the lower limit of the possible cluster signal values de-
Fig. 4. The cluster charge histograms acquired using traditional and track-in-
duced methods differ when the detector is not in its operational range. In this
example the convoluted Landau and Gaussian function (LG) fits poorly to the
data acquired using the traditional method. The control measurement, described
in Section IV-A, is also shown.
pends on the noise levels of the individual strips but can also de-
pend on the cluster width. The varying discrimination threshold
translated into strip signal sum modifies the shape of the low-end
of the signal histogram. As a result, the measured distribution
might appear to follow the expected distribution even if the
data are biased. Therefore it is not always possible to evaluate
the success of an acquired low-SNR fit result by studying his-
tograms acquired using traditional clustering only. Track-in-
duced clustering analysis avoids this possibility of the system-
atic acquisition of overestimated signal values in detector char-
acterization and should be used systematically to cross-check
the validity of the results of the traditional method.
VI. DISCUSSION
The use of track-induced clustering requires the track position
in the local co-ordinate system of the DUT to be known. Track-
based alignment is usually required to reach this goal. The use
of TIC also requires the non-zero suppressed raw analog data
of the DUT to be available. If the track positional error is small
compared to the DUT segment size, the TIC cluster width can
be tuned to match that of a typical traditionally reconstructed
cluster. If the positional error of the track is not negligible, then
the TIC clusters should be at least twice as wide as the track
error.
Detector 1 in Fig. 2 represents a typical case where the DUT is
performing relatively well. In a barely biased case the signal ac-
quired using traditional clustering saturates around 5 ADC units,
but there is no real risk of the results being misinterpreted. When
a high enough bias voltage is applied to detector 1, the TIC
method produces slightly larger signal values since a larger frac-
tion of the total collected charge is seen. While the signal values
obtained using traditional clustering for detector 2 in Fig. 2 start
to increase for the highest detector bias values, they are still
not correct. Drawing conclusions where the charge collection
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Fig. 5. Cluster charge histograms acquired using traditional (black line) and
track-induced (filled graph) methods are essentially the same when the detector
is in its operational range.
is claimed to be above a threshold would be dangerous in the
case of detector 2 if only traditional clustering data were consid-
ered. When the signal-to-noise level of the DUT is low, there is a
significant overlap between the distributions of the particle-in-
duced charge and background noise. This is well depicted in
Fig. 4, where the distribution of the TIC signals is presented, to-
gether with a control measurement. In this situation, traditional
clustering methods would not be able to discriminate well be-
tween real and noise clusters (both efficiently and purely at the
same time). TIC benefits from track information and is a good
discriminator in these conditions.
Some practical problems are shown in Fig. 5, where a
Gaussian peak lies near zero in the TIC signal histogram.
This peak is caused by readout issues and the tail between
the two peaks is due to charge-sharing between working and
non-working segments. As the peak does not reflect the DUT
response, the corresponding events should be filtered out in a
careful study of the detector properties.
The plots illustrating the behavior of the TIC shown in this
paper were acquired using Magnetic Czochralski silicon strip
detectors in a setup [12], where the reference track uncertainty
is below 10% of the DUT segment size. All the example data
utilizing the TIC plotted here contain two strips wide clusters
(Fig. 3 excepted). The TIC method might be suitable for the
characterization of other types of position-sensitive detectors,
assuming that the requirements mentioned earlier are met.
The total collected charge and the collected charge used for
position measurement are distinct quantities. As traditional
cluster charges are de facto standards in silicon strip beam test
result reporting, one should keep this difference in mind when
comparing TIC results to other beam test results.
VII. CONCLUSION
Track-induced clustering allows the unbiased analysis of
the signal and noise responses of poorly-performing position
sensitive detectors. It complements the traditional analysis by
avoiding several pitfalls, which play an important role espe-
cially in the region of low SNR. Track-induced analysis cannot
be used to analyze properties such as efficiency and specificity,
since these properties are related to the applied clustering
method, and are not properties of the DUT alone.
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